Abstract -We compare dry mass (DM) and storage of starch (St) and nitrogen (N) in seedlings of three Mediterranean oaks, two evergreens (Quercus coccifera L. and Q. ilex L. subsp. ballota (Desf.) Samp) and one deciduous (Q. faginea Lam.), across different scenarios of nutrient and water availabilities. Three fertilization (5, 50 and 200 mg of N per plant and growing period) and watering (28-39, 55-71 and 70-85 g H 2 O 100 g −1 soil gravimetric soil water) treatments were applied to current-year seedlings between May and October 2002 in two independent experiments. The three species showed a similar response to fertilization, storing nitrogen instead of increasing biomass, in agreement with adaptations to nutrient-poor habitats. However, they differed in their responses to water, reflecting the different water requirements in the field: Q. coccifera, from arid zones, showed no response to water regarding DM and St; Q. faginea, from humid zones, required higher water availability to simultaneously increase growth and storage; while Q. ilex, spanning over most of the water availability range, exhibited a balanced increase of both functions when water increased moderately. In the two evergreen species, N concentration increased with water supply, whereas the reverse occurred in Q. faginea. The latter species favoured growth over storage at moderate water supply (according to its more competitive strategy), although it was the species which accumulated more St and N at the end of the experiments (autumn). . Ces traitements ont été appliqués l'année en cours des semis entre mai et octobre dans deux expérimentations indépendantes. Les trois espèces ont montré une réponse similaire à la fertilisation, stockant l'azote plutôt que d'accroître la biomasse, en accord avec les adaptations aux habitats ayant une nutrition pauvre. Cependant ils diffèrent dans leurs réponses à l'alimentation hydrique, reflétant leurs besoins différents en eau dans la nature : Quercus coccifera, venant des zones arides ne montre pas de réponse à l'alimentation hydrique pour ce qui concerne DM et St ; Q. faginea, issu de zones humides, demande une disponibilité en eau plus importante pour simultanément croître et stocker, tandis que Quercus ilex, couvrant davantage l'étendue des possibilités de disponibilité en eau, présente un accroissement équilibré des deux fonctions lorsque l'alimentation en eau s'accroît modérément. Chez les deux espèces à feuilles persistantes, la concentration en azote s'accroît avec la fourniture d'eau, alors que l'inverse se produit chez Q. faginea. Cette dernière espèce favorise la croissance sur le stockage pour des apports en eau modérés (conformément à une meilleure stratégie de compétition), bien que cela soit l'espèce qui a accumulé le plus N et St à la fin des expérimentations (automne).
INTRODUCTION
During the last decades extensive reforestations have been conducted by national forest services all over the Mediterranean region [41] and more recently, plantations of medium or late-succession native trees and shrubs are being promoted in spite of their poor outplanting performance [1] . Among forest species, initial seedling size or biomass has been related to post-planting survival [33] , to the ability to outcompete other plant species [23] and to the potential for new root production [47] , which is crucial to face the arid Mediterranean summer. In addition, carbohydrate reserves in form of starch * Corresponding author: virginia.sanz@uah.es provide an important carbon source for both resprouting after disturbance [22] and respiration during periods of resource shortage [31] . Moreover, soluble sugars may be involved in osmotic adjustment [16] as osmolites. Therefore, carbohydrate reserves may play an important role to face the major constraints posed by continental Mediterranean climate, i.e., summer drought and winter cold [30] . On the other hand, nitrogen storage affects the rate of growth after planting in the field [25] and seedling capacity to recover foliage after disturbances [4] .
Seedling biomass, carbohydrates, and nitrogen storage may vary in response to resource availability but results are still inconclusive [34, 47] . In addition, only few studies have addressed integrated response of biomass, carbohydrate and nitrogen storage to resource availability [40] . Growth and storage may compete for carbon and nitrogen [10, 20] , but environmental variations may alter the proportion at which both resources are captured and stored. Bryant et al. [6] tried to explain changes in carbon and nitrogen allocation to different plant functions in response to variations of the inner carbonnutrient balance (CNB hypothesis). This hypothesis relies on the fact that tissue growth demands quite a constant proportion of carbon and nitrogen. Therefore any factor decreasing the uptake of either carbon or nitrogen would limit plant growth and lead to an excess of the non-limiting element, which would be accumulated or diverted to the synthesis of nitrogen-or carbon-based secondary metabolites. Although the power of this hypothesis to predict accumulation of particular defensive compounds has been found to be low [18] , the rationale can still be used to predict within-species responses to resources changes of whole-plant nitrogen and carbohydrates. In fact, literature provides several examples supporting CNB general predictions; for example, some authors have found that a high nutrient availability decreases starch concentration in favour of plant growth [27, 32] and increases nitrogen concentration [5, 35] . However, when water is the main growth limiting factor, predictions about storage and allocation are less obvious [7, 20] as water stress limits both carbon and nitrogen gain [42] .
The aim of the present study was to assess the combined response of growth, carbohydrate and nitrogen reserves of seedlings of three Mediterranean oaks (Quercus coccifera, Q. ilex subsp. ballota and Q. faginea) to changes in nutrient and water availabilities during their first-year of growth. We tested the following working hypotheses: (1) Under high nutrient availability, plant C/N balance decreases and plant growth will be enhanced until being carbon-limited; in such circumstances, carbohydrate reserves will be low, while nitrogen will be in excess and therefore stored. (2) As water stress limits both carbon and nitrogen uptake [42, 44] , larger water availability is expected to increase plant growth without altering plant C/N balance. (3) Under higher resource availability, the fastest-growing species (i.e. Q. faginea [12] ) will favour growth over storage more than the slow growing evergreen oaks (Q. coccifera and Q. ilex).
MATERIALS AND METHODS

Species
We selected for the study three congeneric Mediterranean oak species, Quercus coccifera L., Q. ilex L. subsp. ballota (Desf.) Samp. and Q. faginea Lam. These species have a wide distribution range in the continental part of the Iberian peninsula but they differ in physiognomy and ecology. Q. coccifera is an evergreen shrub that lives in semi-arid regions and on degraded soils. Q. ilex subsp. ballota is the dominant tree in a large part of the inner Iberian Peninsula, supporting both low winter temperatures and summer drought [3] . Q. faginea is a deciduous/marcescent tree, although seedlings perform as evergreens; it lives under more mesic conditions than the other two species [9] . 
Experimental design
The experiments were performed with first-year seedlings because this is the plant life stage when selective pressures are stronger [37] and because this is the period that forest seedlings spend in nurseries, where manipulation of resources is possible. Acorns of the three species were collected in October 2001 from two Spanish continental sites (Q. ilex and Q. faginea from Alcarria -Serranía de Cuenca forest region ES9 and Q. coccifera from Sistema Ibérico Meridional forest region RIU 25) The treatments started in May 2002, when most seedlings had mature leaves, and ended in October 2002. Two independent trials were carried out, one with three contrasting levels of watering and the other with three levels of fertilization. In each experiment, four containers of 50 plants per species and treatment were used.
Local air temperature and photosynthetically active radiation (PAR) were registered every 5 min during the whole growing season with a data logger (HOBO model H08-006-04, Onset, Pocasset, MA, USA) and external sensors cross-calibrated with a Li-Cor 190SA sensor (Li-Cor, Nebraska, USA). Rainfall and relative humidity (RH) data were provided by the Meteorological Service of San Fernando de Henares, Madrid (Fig. 1) .
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Fertilization experiment
Three levels of fertilization were established using Peters solution (N:P:K, 20:7:19): low (LF), moderate (MF), and high (HF), corresponding to a total amount of 5, 50 and 200 mg N per seedling, respectively. The nutrient solution was applied in an exponential way along the experiment period to adjust the supply to the increasing demands of growing plants [11, 43] . All seedlings were grown with a moderate level of watering (see below).
Water stress experiment
Water was supplied with a rail irrigation system (Conic System) two, four and eight times per week, to get the low, moderate and high water levels (LW, MW, HW) respectively. The timing, frequency and duration of each watering were empirically adjusted throughout the seasons to obtain three distinct and relatively constant levels of water availabilities (Fig. 2) . Five containers were randomly chosen from each treatment and were weighed periodically before and after the watering to monitor the gravimetric soil water, which was 28-39, 55-71 and 70-85 g H 2 O 100 g −1 soil for LW, MW and HW respectively (Fig. 2) . The gravimetric soil water at field capacity was 105 g H 2 O 100 g −1 soil . A previous work has shown that a water treatment similar to our LW caused a high mortality to Q. ilex and Q. coccifera seedlings [45] . Even though all treatments started during the second week of May 2002, water availability could be well controlled only during the dry period (mid June till end of August). In the rest of the time of the experiment, random rainfall attenuated the differences between water treatments. All seedlings were grown with a moderate level of fertilization. Therefore, the MW-MF treatment was common to the two experiments.
Growth measurements
Ten seedlings per species and treatment were harvested at random at the end of the experiments (October). Seedlings were separated into leaves, stems and roots. Roots were gently washed to eliminate soil particles. All parts were oven-dried at 60
• C for 48 h and weighed separately.
Chemical analysis
In October 2002, five additional seedlings per species and treatment were harvested in the morning, separated into leaves, stems and roots and gently washed. All plant parts were introduced in liquid nitrogen for 2-4 h to stop their metabolic reactions, and transferred to a freezer at -20
• C for storage. Then, the samples were oven-dried and grounded to 0.5 mm powder with a Culatti mill before analysis.
Total nitrogen (N) and carbon (C) content were measured with a C/N analyser (Elementar Vario Max N/CN), and the C/N ratio calculated. The concentration of soluble sugars (SS) and starch (St) were analysed as followed. Fifty mg of the sample powder were incubated 90 min in 100% ethanol at 80
• C to extract SS. Samples were then placed in a centrifuge at 13 000 g for 5 min to separate the pellet containing St from the supernatant containing SS. The supernatant was dried for 48 h at 60
• C, dissolved in distilled water and boiled for 5 min. A 6 μL aliquot from the re-hydrated sample was used to determine glucose content and an additional 300 μL aliquot was used for sucrose assessment. The latter was incubated with invertase (Sigma I4504) for 30 min at 55
• C to break sucrose into monosacharids. The pellet was dried at 60
• C during 24 h, and incubated 16 h at 55
• C with amyloglucosidase (Fluka, 10115) and α-amylase (Fluka, 10065) in 0.1 M phtalate buffer (pH = 5) to break St into monosacharids. Then, St and SS samples were incubated for 5 min at 25
• C with phosphoglucosidase isomerase Type II (PGI) (Sigma P-5381) to turn fructose into glucose. Finally, every aliquot was incubated at 37
• C for 5 min with Infinitive Glucose Reagement (Sigma Diagnostics 17-25) and colorimetrically assessed measuring absorbance at 340 nm to obtain the glucose concentration. SS and St were expressed as mg per g of dry mass. Finally, total non structural carbohydrate content (TNC) was calculated as the sum of SS and St.
The total St pool per plant was calculated as: 
Data analysis
Interpretation of changes in the concentration of any tissue compound across treatments may be misleading because it is affected both by changes in the pool of that compound and by changes in biomass. Therefore, in order to unravel N and carbohydrate trends across treatments, we represented whole-plant pool (X-axe) against wholeplant concentration (Y-axe) and drew the trajectory displayed by each species in response to the increase of water or nutrients [32, 39, 43] . Among carbohydrate compounds, we only selected St for this analysis because it is the main storage compound. Four theoretical trajectories are possible, as shown in Figure 3: (1) Both storage and growth are promoted, (2) growth is favoured over storage, (3) both storage and growth decline (toxic effect), and (4) growth is declined at a higher rate than the compound uptake, leading to an excess which is accumulated (luxury consumption). Trajectories implying no change in either concentration or pool, i.e., horizontal or vertical arrows, will be considered as intermediate between two of the above (i, j) and named as trajectory i− j.
The effects of treatment and species on biomass, C/N, N and carbohydrate content of the whole-plant and each part were tested by means of a two-way analysis of variance (ANOVA). In addition, treatment effects on whole-plant traits were further analysed within each species using a one-way ANOVA. Differences between treatments in the same experiment were tested by post-hoc Bonferroni analysis. In some cases, variables were transformed to meet homocedasticity assumptions; however we failed to get this requisite for whole-plant C/N in the fertilization experiment and [N] plant in the watering one with the three species pooled, so in those cases we just perform oneway ANOVA. All statistics were performed using SPSS 12.0.
RESULTS
Effects of fertilization
Fertilization failed to increase DM plant in all species, although DM stem of Q. faginea was higher in MF and HF than in LF. (Tab. I, Fig. 4) . However, fertilization reduced C/N of I, Fig. 6 ). Whole-plant St pool was only affected by fertilization in Q. ilex, being lower in HF than in the other two treatments (Fig. 6) . Therefore, in response to added fertilization, St described a trajectory 2-3 in Q. coccifera and Q. faginea, but a trajectory 3 in Q. ilex (Fig. 3) .
Regarding nitrogen response, all species increased [N] of the whole plant and each fraction in response to fertilization, whereas N pool only increased from LF to MF in Q. ilex and in . Effects of fertilization (left) and watering (right) on plant starch concentration (abscissas) and starch pool size (ordinates). LF, MF and HF are low, moderate and high fertilization, respectively, and LW, MW and HW are low, moderate and high water treatment, respectively. Different small and capital letters mean significant differences of starch pool and starch concentration among treatments, respectively. (ANOVA, Bonferroni post-hoc, P < 0.05). Arrows indicate the trajectory between two treatments which differ statistically in one (broken arrow) or the two parameters (solid arrow). Q. faginea (Tab. I, Fig. 7) . Therefore, trajectories of N were 4-1 in Q. coccifera and 1 in the remaining species (Fig. 3) .
Effects of watering
The response of DM to watering differed across species (Tab. I). Q. coccifera did not respond; in contrast the ranking of whole-plant and each fraction's DM among treatments was MW HW LW for Q. ilex, and HW MW LW for Q. faginea (Fig. 4) . Although, C/N was unaffected by treatments in separate plant fractions, watering tended to decrease and to increase whole-plant C/N in the two evergreens, and in Q. faginea, respectively (Tab. I, Fig. 5 [St] plant between LW and MW that were larger than in HW. Q. faginea had the lowest value at MW whereas there was no difference between LW and HW (Fig. 6) . St pool was differently affected by watering in Q. ilex and Q. faginea, being higher at MW and at HW in the former and in the latter, respectively. Therefore, no species followed a clear St pool -[St] trajectory in response to an increase of water ( Fig. 6). [N] plant tended to increase with watering in the evergreens, the reverse being true for Q. faginea (Fig. 7) . However, no plant fraction's [N] was affected by watering (Tab. I). N pool of Q. coccifera was unaffected by watering while in the other species N pool increased from LW to HW (Fig. 7) . Thus, trajectories of N were 4-1 in Q. coccifera, 1 in Q. ilex and 2 in Q. faginea.
Effects of species
The studied traits followed similar across-species trends at whole-plant level and at each plant organ level. Therefore, we just explain whole-plant trends. At the end of the experimental period DM plant was the greatest in Q. ilex, followed by Q. faginea and by Q. coccifera (Fig. 4) under low resource levels. However, at higher supplies of either fertilization or watering, there was no DM plant difference between the two trees (Fig. 4) . Q. coccifera was the species with highest C/N and this difference was greater at low levels of either fertilization or watering (Fig. 5) . Q. faginea was the species that achieved I, Fig. 6 ).
DISCUSSION
Effects of fertilization
We expected high fertilization to increase both plant biomass and [N], and to decrease C/N and [St] (hypothesis 1).
However, we found no effect on plant biomass although the latter three trends were observed. Our result suggests that seedling growth was not N-limited in the LF treatment, as acorn reserves may account for seedling demands during the first year of growth [21] , especially in Mediterranean slowgrowing species where nutrient demands are moderate [12] . Therefore, the addition of N external supply to young oak seedlings may promote luxury consumption [39, 43] and the accumulation of N in plant tissues for future use [10, 15] . Cornelissen et al. [12] also found evidence of luxury nutrient consumption in 1-month-old seedlings of evergreen slowgrowing species, which, contrary to field-grown adults, did not exhibit lower leaf N concentration than fast-growing deciduous seedlings, grown under common non-limiting nutrient conditions. Therefore, the effects of fertilization are dependent on plant ontogeny and resource availability.
We expected the reduction of seedling [St] with fertilization to be a consequence of higher carbon consumption by growth (hyptothesis 1), but the lack of DM responses invalidated this reasoning. Other authors have found that fertilization promoted carbon allocation to the synthesis of amino acids and proteins [13, 31] and to support root respiration required for N uptake [4, 19] , which may decline the synthesis of TNC.
The above fertilization-induced traits may have different implications for the future performance of seedlings in the field. On the one hand increased N could allow faster growth after transplanting. Indeed, it is known that N storage allows faster subsequent growth [25, 40] and improves ability to recover from defoliating disturbances [4] . On the other hand, the lower St reserves of HF seedlings would decrease their capacity to survive long stress periods or to recover from disturbances, which rely on stored carbon [4, 10] .
Effects of watering
Irrigation induced contrasting growth and accumulation responses among the studied species. Predictions of hypothesis 2 on plant growth were only supported by Q. faginea, whose DM clearly increased with watering. The lack of response of Q. coccifera's DM accords with the low plasticity reported for this species by other authors [7, 45] , but may also be attributed to LW being not stressful enough for this species. The low tolerance of Q. ilex to flooding [38] may explain that this species achieved the largest DM in moderate levels of water availability.
No species supported the expected lack of watering effect on C/N, as this trait decreased and increased with watering in the evergreens and in the deciduous species, respectively. This suggests that C and N uptake increases with watering at different rates. This may be attributed to differences of stomatal conductance among species at high water supplies, which was reported to be higher in Q. faginea than in Q. ilex [28] , and similar between Q. ilex and Q. coccifera [26] . Thus, the rate at which C uptake increased with increasing water supply might be more limited by stomatal conductance in the evergreens than in the deciduous species. The C/N decline promoted by watering in the two evergreens was accompanied by an increase of [N], suggesting that higher water supply induces N luxury consumption. The [St] decline shown by Q. ilex between MW and HW was not accompanied by significant changes of DM. Therefore, this St response may be explained by an increase of C demand for tissue respiration under the stressful conditions that higher water supplies apparently imposed to Q. ilex [10] . Regarding Q. faginea, the increased of C/N with watering was paralleled by [N] decline and by N pool increase, showing that a larger proportion the plant N pool was consumed by growth to the detriment of accumulation. Although [St] also declined from LW to MW, it increased again from MW to HW, suggesting that C gain at HW exceeded the amount required by growth, being accumulated for future use.
Due to their effects on DM and St, MW and HW would enhance the competitive ability [23] , and would improve the capacity to keep a positive carbon balance after disturbances or stresses [22, 31] , in Q. ilex and Q. faginea, respectively. However, the increase of biomass in Q. faginea promoted by high watering supplies was to the detriment of N storage, what would have a negative effect on the leaf recovery capacity after defoliation.
Species responses
Hypothesis 3 predicted that Q. faginea would give higher priority to growth than to storage at high resource supplies. Our results support this hypothesis only for N responses in the water experiment, where Q. faginea was the species with higher DM increase and with lower [N] increase (this trait even declined between LF and MF) in response to watering. These responses accord with the more competitive strategy described for deciduous than for these evergreen Mediterranean trees [8, 46] . Nevertheless, Q. faginea was, in general, the species with largest St and N reserves. This trend was partly accounted for by the larger proportion of root biomass exhibited by this species, which was the main St and N storage organ [10, 31] . Additionally, deciduous species exhibit the greatest concentrations of St at the beginning of autumn [2] , coinciding with the date of harvest in our study, while evergreens do so at the end of winter, just before bud break [14] . In the case of N, the larger leaf [N] of Q. faginea reflects the higher proportion of N-rich tissues in deciduous leaves as compared with evergreen ones, already reported in species comparisons in different ecosystems [8, 36] . In contrast, the evergreen species, especially Q. coccifera, showed higher C/N ratios, reflecting a greater proportion of structural carbon in plant tissues. This allocation pattern reflects an adaptation to stressful environments, where defensive and resistance traits may have been selected for, rather than productivity [17] .
The two evergreen species allocated to leaves a greater proportion of their total N and St pools than the deciduous species, which did so in permanent organs (data not shown). This is in accordance with the storage function reported for evergreen leaves [24] . Thus, disturbances eliminating leaf biomass, would make the recovery of foliage to be slower in the evergreen species than in the deciduous one [29] .
CONCLUSIONS
The three species showed a similar response to fertilization, storing nitrogen instead of increasing biomass, in agreement with adaptations to nutrient-poor habitats. However, high nutrient availability decreased starch reserves in all species, which may have a negative effect on their resprouting ability. Regarding watering, the two evergreen species showed the lowest C/N under high water availability while the reverse occurred in the deciduous one. The growth-storage responses to water reflected the different water requirements of the species (Q. coccifera from arid-zones, Q. faginea from humid zones and Q. ilex spanning over most of the range): Q. coccifera showed little response to water, Q. ilex exhibited a balanced increase of growth and storage when water increased moderately, and Q. faginea required higher water availability to simultaneously increase both functions. The conditions that represent the best compromise between growth and storage differ across similar and closely related species in accordance to their specific resource-use strategy.
